Abstract
As it turns out the molecular channel, R2, provides the by far largest source of molecular 32 hydrogen, H 2 , in the atmosphere (Ehhalt and Rohrer, 2009 ). The radical channels, R3 and R4, 33 that generate HO 2 radicals, enhance local photochemistry. Finally each destruction of a CH 2 O
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28 to fit Ф mol and Ф rad . These functions are well-suited to map smooth transitions. They allow to 29 include pressure and temperature dependences. And the resulting parameters are few and have 30 a physical meaning: in particular 1/λ 0 corresponds to the threshold energy of the respective 31 reaction; b describes the width of the transitions. Moreover, the formalism should also provide 32 a useful template for the formulation of the analogous Φ i for the isotopologues of 33
We, therefore, assume all these data to be comparable and their variance attributable to 23 experimental error. Thus all these data are combined in Figure 1 . Smith et al. (2002) attributed 24 some of the variance in their data to a line structure in  rad . The possibility of a line structure 25 is corroborated by the data of Tatum Ernest et al. (2012) , which show a strong feature in  rad 26 at 321 nm. For comparison, the data of Tatum Ernest et al. are also shown in Figure 1 , but 27 they are not used for the fit. 28
To fit the experimentally observed wavelength dependence of  rad we use a combination of 29 two functions of the type mentioned above, one for the decay of  rad to longer wavelengths at 30 about 328 nm, the other for the decay towards shorter wavelengths at 277 nm. To obtain the 31 fit parameters and their errors a simplex algorithm (Nelder and Mead, 1965 should future  rad measurements provide enough information to warrant such a step. 24
The present formulation of Eq. (3) with constant parameters b -i.e. b independent of  25 forces the decrease to be nearly symmetrical around the respective  0 . This is not necessarily 26 realistic. Again, if future measurements or theoretical considerations should prove the need, 27 an asymmetry could be easily accommodated by allowing b to depend on . 28
Finally, we note, that a line structure could be superimposed on Eq. (3) without difficulty. For 29 the moment we refrain from doing so for two reasons: 1) As Tatum Ernest et al. (2012) 30 already indicated even the strong feature in  rad at 321 nm produces only a small change in 31 the photolysis frequencies in the atmosphere. In fact, superposition of this feature on Equation 32 3 would increase j mol by less than 2 % at all altitudes and decrease j rad by less than 4%, 1 because it coincides with a small value in the absorption coefficient of CH 2 O. Thus the error 2 possibly introduced by the neglect of the line structure is comparatively small (see discussion 3 below).
2) The measurements of  rad by Smith et al. (2002), and Gorrotxategi et al. (2008) 4 contain data points close to 321 nm which fall right on the average  rad given by Eq. (3). 5
They were made with sufficient resolution to resolve the feature at 321 nm and are therefore 6 somewhat at variance with the finding of Tatum Ernest et al. (2012) . 7 There are more direct measurements for  tot and its dependence on  than for  mol . To obtain 21 higher accuracy we, therefore, first obtain a fit for  tot () and then use Eq. (1), i.e.  mol =  tot 22 - rad for a fit of  mol (). That fit is later compared to the measured dependence of  mol on . 23
The available measurements of  tot () at 300 K temperature and 1013 hPa pressure are 24 reproduced in Figure 2 . The values of  tot at 355 nm and 353 nm were obtained by 25 interpolating the respective Stern-Volmer plots given by Moortgat et al. (1979 Moortgat et al. ( , 1983 to the 26 pressure of 1 atm. The  tot values at λ < 340 nm are pressure independent. The measured 27  tot () exhibits three regions: a plateau between 290 and 330 nm, a steep decrease to zero at 28 longer wavelengths, and a weak decrease to  tot ~ 0.8 at shorter wavelengths. The average 29 measured  tot in the plateau is 1.06 ± 0.09 -not significantly different from 1 -the maximum 30 possible value. Therefore, in the fit we fixed this value to unity. The separation of the two 31 decreases by a plateau with  tot =1 also means that it is possible to fit these two regions of 32 decrease separately and independently of each other.
to H 2 and CO well beyond the threshold energy of about 350 nm (Troe, 2007) . In this energy 3 regime the rate of decay into the molecular channel decreases to values where collisional 4 quenching of the excited formaldehyde molecule (R5) begins to compete. Consequently,  mol 5 and  tot become pressure dependent. Based on theoretical modeling and comparison with the 6 data of Moortgat et al. (1978 Moortgat et al. ( , 1983 , Troe (2007) dependence of  mol should be small compared to the experimental uncertainties and thus 13 negligible at this stage. This is somewhat at variance to the measurements by Moortgat et al. 14 (1983) which seem to indicate such a dependency, albeit with large uncertainties. 15
Since  tot equals  mol for  > 340 nm where nearly all of the change in  tot with wavelength 16 is located, and since Eq. (4) approaches unity for  < 330 nm, Eq. (4) should also provide a 17 good approximation for  tot (). In fact we could use it with its current parameters as our 18 intended fit (see Figure 2) . 19
However, we prefer to formulate our fit in terms of energy, i.e. 1/. Moreover, a direct fit to 20 the data in Figure 2 will merge the pre-exponential factor in Eq. (4) with  0 . So, instead of 21 using Eq. (4) we will fit Eq. (5) to the data at λ > 310 nm in Figure 2 : 22
Our fit yields the parameters  0,l and b l of Eq.(6). In this case  0,l has a somewhat different 24 meaning than before. Here,  0,l not only depends on the threshold energy of the reaction 25 involved, but also on the quenching efficiency with which energy is drained from the excited 26 CH 2 O molecule. But as before,  0,l represents the inflection point in the decrease of at least 27
The fit for the short wave decrease adds the second term in Eq. (6) (6) 1 with λ given in nm. 2
We have not been able to find a ready explanation for the experimentally observed weak 3 decrease of  tot at shorter wavelengths in the literature. We note, however, that ,s =284.3 4 corresponds closely to the heat of reaction for R4 (see Section 2). In Figure 3 ,  mol () from Eq. (7) is compared to the measured data on  mol (). The latter 1 consist of direct measurements of  mol by Moortgat et al. (1979; 1983) , and data based on 2 measured  tot and  rad by Horowitz and Calvert (1978) . The agreement of Eq. (7) significantly from the corresponding parameters in the others. We, therefore, felt justified to 13 attempt a simultaneous fit of all In this attempt we assume that the corresponding   and b 14 parameters in the various equations for  are indeed identical. We further assume that  tot 15 reaches a maximum value of 1 and that Eq. (1) holds. With these assumptions the total 16 number of fit parameters for all three  together reduces to 9. The simultaneous calculation of 17 the 9 unknown parameters results in the equations for the Φ i listed in Table 1, their estimated  18 1σ errors are also entered in the equations. 19
The functions of Table 1 differ somewhat, but hardly significantly from those given by Eqs. 20 (3), (6) and (7) In addition, the question of line structure in  rad needs eventually to be resolved. 3
Of major interest to the atmospheric chemists is the impact of this new formulation of  on 4 the atmospheric photolysis frequencies of CH 2 O. That photolysis frequency j is given by: 5 = ∫ Φ( ) ( ) ∞ 0 ( ) (11) 6 i.e. it also depends on the absorption cross-section, (), of CH 2 O, and the local actinic 7 photon flux density F λ (). For our calculations of j we will use the absorption spectrum 8 measured by Gratien et al. (2007) . It is, by the way, also slightly temperature dependent; the 9 respective function can be found in Röth et al. (1997) . Its effect on the j i is quite small -e.g. 10 less than 0.3 % for j rad -and included in the calculations. The atmospheric actinic photon flux 11 density consists of down-welling and up-welling contributions, and depends of course on the 12 solar zenith angle and altitude. It was calculated by the radiative transfer program ART (Röth, 13 2002) using the extraterrestrial solar flux from WMO (1985) . All three factors under the 14 integral strongly vary with wavelength, . (To various degrees they also vary with altitude.) 15
As an example Figure 4 shows (), F λ (), and  mol (), together with the wavelength 16 dependent integrand of Eq.(11) at 30 km altitude and 33° solar zenith angle. We particularly 17 notice the sharp cutoff in F λ () around  = 320 nm caused by the absorption of solar UV in 18 the ozone layer at lower wavelengths. This means that below 30 km altitude the exact form of 19 the  i at  < 300 nm has little influence on the various photolysis frequencies. Figure 4  20 further indicates how much the long-wave decrease of  mol is shifted towards longer 21 wavelengths at the air density at 30 km altitude. In fact, this shift is so large that the long-22 wave cutoff of the integrand in Eq. (11) is no longer determined by  mol , as it is at low 23 altitudes, but rather by the absorption spectrum of CH 2 O. Hence, at altitudes above 30 km the 24 exact form of the decrease in  mol and  tot at the longer wavelengths has no influence on the 25 respective photolysis frequencies. The curve for σ•Φ•F λ in Fig.4 nicely illustrates why the line 26 structure observed by Tatum Ernest et al. (2012) at 321 nm has so little impact on j mol : It 27 would increase the quite small feature at 321 nm in that product by only a factor of 1.5. 28
Given the  i from the Eqs. (8) to (10) in Table 1 , () from Gratien et al. (2007) along with 29 vertical temperature and density profiles of the U.S. standard atmosphere (NOAA, 1976) we 30 can calculate the vertical profiles of the photolysis rates. The calculations were made with 1 31 nm spectral resolution and are shown in Figure 5 . The shaded areas mark the 1 error bounds 32 of the j i profiles based on the errors of the fitting parameters for   given in Section 5. As to 33 be expected, all j i increase with altitude. In the case of j rad that increase is essentially due to 1 the vertical change in F λ (), since our  rad is neither temperature nor pressure dependent and 2 thus independent of altitude, and the slight temperature dependence of () makes a minor 3 contribution only. j tot and j mol , however, are significantly modified by the density dependence 4 in  mol . 5
In Figure 5 we also demonstrate the impact of a possible temperature dependence in  rad . The 6 temperature dependence is introduced by adding the term (300-T) (3k/hc) in the appropriate 7 dimensional units to 1/ in the first term of Eq. (3) This means that only the long-wave decay in  rad is considered to be temperature dependent. 11
Here k is the Boltzmann constant, h the Planck constant, and c the speed of light. As Figure 5  12 shows, a temperature dependence of this size clearly has a significant impact on j rad and by 13 virtue of  mol =  tot - rad also on j mol . The effect is largest at around 15 km, the height of the 14 temperature minimum, and about -9% for j rad , respectively ca. +6% for j mol . The temperature 15 at 15 km is 220 K, i.e. the temperature shifts in j rad and j mol correspond to a temperature 16 difference of 80 K. Apparently a correct formulation of the T-dependence of  rad could lead 17 to a significant change in the predicted vertical profiles of j rad and j mol . 18 j tot remains unaffected by the proposed temperature dependency. In fact, even assuming a 19 temperature dependence of the kind above for the long-wave decay of  tot would have 20 comparatively little impact on the j tot profile. It would be masked by the air density 21 dependence of  tot . Just as at lower densities, the exact form of the long-wave decay in  tot 22 no longer influences j tot , so can its temperature dependence no longer influence j tot . 23
Finally, in Figure 6 , we compare the photolysis frequencies based on this work's quantum 24 yields to those calculated with the quantum yields recommended by IUPAC (2006) , 62, 531 -553, 28 2011 29 68, 4448 -4464, 1978 23 Moortgat, G. K., Slemr, F., Seiler, W., and Warneck, P.: Photolysis of formaldehyde: Relative 24 quantum yields of H 2 and CO in the wavelength range 270 -360 nm, Chem. Phys. Letters, 54, 25 444 -447, 1978 26 Moortgat, G. K. and Warneck, P.: CO and H2 quantum yields in the photodecomposition of 27 formaldehyde in air, J. Chem. Phys., 70, 3639 -3651, 1979 28 Moortgat, G. K., Seiler, W., and Warneck, P.: Photodissociation of HCHO in air: CO and H 2 29 quantum yields at 220 K and 300 K, J. Chem. Phys., 78, 1185 Phys., 78, -1190 Phys., 78, , 1983 
1 Figure 5 : Impact of a temperature dependent quantum yield, Φ rad , on the altitudinal profile of 2
